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Hyaluronan (HA) is a major glycosaminoglycan in the extra-
cellular matrix whose expression is tightly linked to multidrug
resistance and tumor progression. In this study we investigated
HA-induced interaction between CD44 (a HA receptor) and
Nanog (an embryonic stem cell transcription factor) in both
human breast tumor cells (MCF-7 cells) and human ovarian
tumor cells (SK-OV-3.ipl cells). Using a specific primer pair to
amplify Nanog by reverse transcriptase-PCR, we detected the
expression of Nanog transcript in both tumor cell lines. In addi-
tion, our results reveal that HA binding to these tumor cells
promotes Nanog protein association with CD44 followed by
Nanog activation and the expression of pluripotent stem cell
regulators (e.g. Rex1 and Sox2). Nanog also forms a complex
with the “signal transducer and activator of transcription pro-
tein 3” (Stat-3) in the nucleus leading to Stat-3-specific tran-
scriptional activation and multidrug transporter, MDR1 (P-gly-
coprotein) gene expression. Furthermore, we observed that
HA-CD44 interaction induces ankyrin (a cytoskeletal protein)
binding to MDR1 resulting in the efflux of chemotherapeutic
drugs (e.g. doxorubicin and paclitaxel (Taxol)) and chemoresis-
tance in these tumor cells. Overexpression of Nanog by trans-
fecting tumor cells with Nanog cDNA stimulates Stat-3 tran-
scriptional activation, MDR1 overexpression, and multidrug
resistance. Down regulation of Nanog signaling or ankyrin func-
tion (by transfecting tumor cells with Nanog small interfering RNA
or ankyrin repeat domain cDNA) not only blocks HA/CD44-medi-
ated tumor cell behaviors but also enhances chemosensitivity.
Taken together, these findings suggest that targeting HA/CD44-
mediated Nanog-Stat-3 signaling pathways and ankyrin/cytoskel-
eton function may represent a novel approach to overcome chem-
otherapy resistance in some breast and ovarian tumor cells
displaying stem cell marker properties during tumor progression.
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Multidrug resistance frequently contributes to the failure of
chemotherapeutic drug treatments in patients diagnosed with
solid tumors such as breast and ovarian cancers (1). It is now
certain that oncogenic signaling and cytoskeleton function are
directly involved in chemotherapeutic drug resistance and
tumor progression (2—4). A number of studies have aimed at
identifying those molecules that are expressed specifically by
epithelial tumor cells and correlate with metastatic behavior
and chemoresistance. Among such molecules is hyaluronan
(HA),? a major component in the extracellular matrix (ECM) of
most mammalian tissues (5, 6). HA is a nonsulfated,
unbranched glycosaminoglycan consisting of the repeating dis-
accharide units, b-glucuronic acid and N-acetyl-p-glucosamine
(5, 6). HA is synthesized by specific HA synthases (6, 7) and
digested into various smaller sized molecules by various hyalu-
ronidases (8). Itis well known that HA is enriched in many types
of tumors (9, 10). In cancer patients, HA concentrations are
usually higher in malignant tumors than in corresponding
benign or normal tissues. Actually, in some tumor types the
level of HA is predictive of malignancy (10). For example, HA
levels have been shown to be significantly elevated in the serum
of breast cancer patients (11). Also it is believed that tumor
cell adhesion to the HA-containing pericellular coat of
mesothelial cells is one of the important mechanisms for the
peritoneal spread of ovarian cancer (12). HA interacts with a
specific cell surface receptor, CD44, which belongs to a family
of multifunctional transmembrane glycoproteins expressed in
numerous cells and tissues, including breast and ovarian tumor
cells and various carcinoma tissues (13-28). CD44 is often
expressed in a variety of isoforms that are products of a single
gene generated by alternative splicing of variant exons into an
extracellular membrane-proximal site (29, 30). In fact, the
expression of certain CD44 variant (CD44v) isoforms has been
shown to be closely associated with tumor progression (13-28).
All CD44 isoforms contain an HA-binding site in their extra-
cellular domain that serves as the major cell surface receptor for
HA (31).

Most importantly, HA binding to CD44 stimulates the cyto-
plasmic domain of CD44 to interact with a number of down-

2 The abbreviations used are: HA, hyaluronan; MTT, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; ANOVA, analysis of variance; P-gp,
P-glycoprotein; ARD, ankyrin repeat domain; Q-PCR, quantitative PCR; RT,
reverse transcriptase; siRNA, small interfering RNA; ECM, extracellular
matrix; ES, embryonic stem; SIE, sis-inducible element.
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stream effectors, including the cytoskeletal protein, ankyrin
(14, 19-21, 32). Ankyrin is a member of membrane skeleton
family expressed in a variety of biological systems, including
epithelial cells and tissues (33). At the present time, three
ankyrin genes have been identified as follows: ankyrin 1 (AnkI
or ankyrin R), ankyrin 2 (Ank2 or ankyrin B) and ankyrin 3
(Ank3 or ankyrin G (34-40), all of which code for ankyrin
monomers composed of two highly conserved domains and one
variable domain (33). The conserved domains contain a mem-
brane-binding site (~89 —95 kDa, also called the ankyrin repeat
domain (ARD)) in the N-terminal region (41), and a spectrin-
binding domain (=62 kDa) (42). The striking feature shared by
all ankyrin N-terminal domains is a repeating 33-amino acid
motif present in 24 contiguous copies (41). The 24 ankyrin
repeats within the ARD are known to form binding sites for
several distinct membrane protein families, including CD44
(32). Overexpression of ARD in cells transfected with
ARDCcDNA not only interferes with CD44-ankyrin binding but
also impairs HA-dependent and CD44-specific biological activ-
ities (43). These observations support the conclusion that
CD44-ankyrin interaction is very important for most HA-me-
diated CD44 functions and tumor cell-specific behaviors (14,
19-21, 32, 43, 44). Therefore, further dissection of the interac-
tion pathways controlling HA/CD44 and ankyrin-mediated sig-
nal transduction should aid considerably in understanding the
intracellular events underlying breast and ovarian tumor
metastasis and progression.

P-glycoprotein (P-gp), the product of the MDRI (ABCBI)
gene, is a transmembrane ATP-dependent transporter mole-
cule known to play a critical role in drug fluxes and chemother-
apeutic resistance in a variety of cancers (45— 48). Interestingly,
recent studies indicate that both HA and CD44 are also
involved in chemotherapeutic drug resistance in many cancer
types (49 —55). Specifically, HA binding is capable of stimulat-
ing MDRI expression and drug resistance in breast tumor cells
(52). It is also known that CD44 interacts with P-gp to promote
cell migration and the invasion of breast tumor cells (56). In
addition, HA/CD44-mediated ErbB2 signaling and PI3 kinase/
AKT-related survival pathways have been found to be involved
in chemotherapeutic drug resistance in breast tumor cells (52).
Recently, we have reported that activation of several other
HA-CD44-mediated oncogenic signaling pathways (e.g. intra-
cellular Ca*>* mobilization (53), epidermal growth factor recep-
tor-mediated extracellular signal-regulated kinase (ERK) sig-
naling (54), and topoisomerase activation (55)) leads to
multidrug resistance in head and neck cancer cells. However,
the mechanism by which HA/CD44 activates oncogenesis and
drug resistance in certain epithelial tumor cells (e.g. breast and
ovarian cancer cells) has not been fully elucidated.

It has been demonstrated recently that HA is rich in stem cell
niches (57). CD44 is expressed in both normal and tumor stem
cells (displaying a unique ability to initiate normal and/or
tumor cell-specific properties) (58). In fact, CD44 is thought to
be one of the important cell surface markers for both normal
stem cells and cancer stem cells (58, 59). Furthermore, cancer
stem cells have been clearly implicated in the phenomenon of
chemoresistance (60, 61). During our search for HA-CD44-in-
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duced transcriptional factor(s) that correlate(s) with stem cell
functions and possible chemoresistance, we have identified the
Nanog family of proteins as a prime candidate. Nanog is an
important transcription factor involved in the self-renewal and
maintenance of pluripotency in the ICM and of embryonic
stem (ES) cells (62, 63). Nanog signaling is regulated by inter-
actions among various pluripotent stem cell regulators (e.g.
such as Rex1, Sox2, and Oct3/4) which together control the
expression of a set of target genes required for ES cell pluripo-
tency (64—66). Constitutive Nanog expression results in the
inhibition of ES cell differentiation (63). In response to stress
signaling, however, Nanog expression is down-regulated
because of DNA damage (67). These findings confirm the
essential role of Nanog in regulating a variety of cellular func-
tions. Recently, both breast carcinomas/tumor cells and ovar-
ian dysgerminomas have been shown to express common
embryonic stem cell markers, including CD44 and Nanog (13—
28, 68, 69). The question of whether there is a direct interaction
between CD44 and Nanog in HA-mediated signaling and in
breast and ovarian cancer progression has yet to be answered.

Accumulating evidence indicates that the “signal transducer
and activator of transcription protein 3” (Stat-3) also plays an
important role in regulating cell growth, differentiation, and
survival (70, 71). Specifically, activated Stat-3 binds to consen-
sus response elements in the nucleus through its DNA-binding
domains, and activates transcription of specific target genes
(72, 73). It is known that both the N-terminal region and the
coiled-coil domains of Stat-3 are involved in protein-protein
interactions that result in activating signaling pathways (70—
73). Previous studies have also shown that Nanog functions in
parallel with Stat-3 in the maintenance of stem cell properties
(74). Thus, it appears that there must be a functional link
between Nanog and Stat-3. In addition, abnormal Stat-3 signal-
ing appears to play a critical role in oncogenesis (70-73, 75, 76).
Furthermore, Stat-3 overexpression and constitutive activation
have been observed in a variety of human malignancies, includ-
ing breast and ovarian carcinomas (70-73, 77, 78).

The question of whether HA/CD44-mediated signaling
influences “cross-talk” between Nanog and Stat-3 during breast
and ovarian cancer progression and chemoresistance remains
to be answered. In this study we present new evidence that HA
stimulates CD44-Nanog complex formation leading to Nanog
activation and embryonic stem cell marker expression. HA
binding to CD44 also induces Nanog interaction with Stat-3
resulting in Stat-3-specific transcriptional activation, MDRI
gene expression, and tumor cell growth. Furthermore, we have
found that HA-CD44 binding promotes ankyrin association
with MDR1 (P-gp) and multidrug fluxes. Consequently, all of
these events contribute to HA/CD44-mediated therapeutic
drug resistance in both breast and ovarian tumor cells.

MATERIALS AND METHODS

Cell Culture—The human breast tumor cell line MCE-7 cells
were purchased from ATCC (Manassas, VA). The SK-OV-3.ipl
cell line was established from ascites that developed in a nu/nu
mouse given an intraperitoneal injection of SK-OV-3 human
ovarian carcinoma cell line (obtained from the American Type
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Culture Collection) as described previously (16, 26, 79 —81).
Both MCEF-7 cells and SK-OV-3.ipl cells were grown in RPMI
1640 medium and Dulbecco’s modified Eagle’s medium/F-12
medium, respectively, supplemented with 10% fetal bovine
serum. Cells were routinely serum-starved (and therefore
deprived of serum HA) before adding HA.

Antibodies and Reagents—Monoclonal rat anti-CD44 anti-
body (clone 020; isotype IgG.,,; obtained from CMB-TECH,
Inc., San Francisco) recognizes a determinant of the HA-bind-
ing region common to CD44 and its principal variant isoforms
(13-16,19-28,79—81). This rat anti-CD44 was routinely used
for HA-related blocking experiments and immunoprecipita-
tion. Immunoreagents such as goat anti-Nanog antibody, goat
anti-MDR1 (P-glycoprotein 170) antibody, goat anti-actin anti-
body, and mouse anti-lamin A/C antibody were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Both
sheep anti-Rex1 antibody and goat anti-Sox2 antibody were
obtained from R & D Systems (Minneapolis, MN). Mouse anti-
ankyrin antibody and rabbit anti-Stat-3 antibody were pur-
chased from Millipore (Billerica, MA) and Calbiochem, respec-
tively. [**C]Doxorubicin hydrochloride and [*H]paclitaxel
(Taxol) were purchased from Amersham Biosciences and
Moravek Biochemicals (Brea, CA), respectively. Nonradioac-
tive doxorubicin hydrochloride and paclitaxel (Taxol) were
obtained from Sigma.

Healon HA polymers (~500,000-dalton polymers) pur-
chased from Pharmacia & Upjohn Co. (Kalamazoo, MI) were
prepared by gel filtration column chromatography using a
Sephacryl S1000 column. The purity of the HA polymers used
in our experiments was further verified by anion exchange
high performance liquid chromatography followed by pro-
tein and endotoxin analyses using BCA protein assay kit
(Pierce) and an in vitro Limulus amebocyte lysate assay
(Cambrex Bio Science Walkersville Inc., Walkersville, MD),
respectively. No protein or endotoxin contamination was
detected in this HA preparation.

HA fragments digested by PH-20 (bovine testicular hyalu-
ronidase) were prepared according to the method described
previously (102, 103). Briefly, healon HA polymers (500 mg)
were dissolved in 50 ml of 0.1 M acetate buffer (pH 5.4) contain-
ing 0.15 M NaCl and digested with 20,000 units of PH20 (bovine
testicular hyaluronidase) (Wyeth Laboratories Inc., Philadel-
phia) at 37 °C. Ten-milliliter aliquots were removed after 2-, 4-,
6-, 8-, and 24-h intervals, and the reaction was terminated by
adding trichloroacetic acid at 10% final concentration (v/v).
After standing at 4 °C for at least 4 h, any precipitate was
removed by centrifugation at 2,500 X g for 30 min. The super-
natants were then pooled, dialyzed extensively against distilled
water, recentrifuged, and freeze-dried. The HA fragment prep-
aration was dissolved in 10 ml of 0.1 m acetic acid and applied to
a column (2.0 X 150 cm) of Sephadex G-50. The column was
eluted in 0.1 M acetic acid at the flow of 10 ml/h, and 5-ml
fraction were collected. Each fraction was assayed for hyaluro-
nan content, and size ranges of the fragments were determined
as described previously (102, 103). The HA fragments (~2-3
disaccharide units) were used in the study.

Preparations of NanogsiRNA and Stat-3 siRNA—The siRNA
sequence targeting human Nanog and Stat-3 (from mRNA
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sequence, GenBank™ accession number NM_024865 and
NM_213662, respectively) corresponds to the coding region
relative to the first nucleotide of the start codon. Target
sequences were selected using the software developed by
Ambion. As recommended by Ambion, Nanog- or Stat-3-spe-
cific targeted regions were selected beginning 50-100 nucleo-
tides downstream from the start codon. Sequences close to 50%
G/C content were chosen. Specifically, Nanog target sequences
(target 1, AATCTTCACCTATGCCTGTGA; target 2, AAT-
GAAATCTAAGAGGTGGA; and target 3, AAACCATG-
GATTTATTCCTAA) and scrambled sequences were used. In
the case of Stat-3siRNA, Stat-3-specific target 1, AATCAAG-
CAGTTTCTTCAGAG, target 2, AATGGAAACAACCAGT-
CAGTG, target 3, AAATTAAGAAACTGGAGGAGT, and
target 4, AAACACTTGACCCTGAGGGAG, and scrambled
sequences were used. Both MCF-7 cells and SK-OV-3.ipl cells
were then transfected with siRNA using siPORT Lipid as trans-
fection reagent (Silencer™ siRNA transfection kit; Ambion,
TX) according to the protocol provided by Ambion. Cells were
incubated with 50 pmol of NanogsiRNA or Stat-3siRNA or 50
pmol of siRNA containing scrambled sequences or no siRNA
for at least 48 h before biochemical experiments.

Reverse Transcriptase (RT)-PCR—Total RNA was isolated
from MCEF-7 cells, SK-OV-3.ipl cells, or human skin fibroblasts
using Tripure isolation reagent kits (Roche Applied Science).
Subsequently, first-stranded cDNAs synthesized from RNA
using Superscript first-strand synthesis system was used for
RT-PCR in the presence of SUPERSCRIPT II reverse tran-
scriptase (Invitrogen). For the detection of Nanog transcript
expression, two Nanog-specific primers (the sense primer
5'-ATGCCTGTGATTTGTGGGCC-3" and the antisense
primer 5'-GCCAGTTGTTTTTCTGCCAC-3') were designed
for this study. For loading controls, two 36B4-specific primers
(the sense primer 5'-GCGACCTGGAAGTCCAACTAC-3’
and the antisense primer 5'-ATCTGCTGCATCTGCTTGG-
3") were also used. The reactions were cycled after an initial 5-in
denaturation at 94 °C followed by 35 cycles of denaturation at
94 °C for 30 s, annealing at 60 °C for 30 s, and polymerization at
72 °C for 2 min. The PCR products (~403 bp for Nanog; and
~100 bp for 36B4) were then analyzed using a 2.0% agarose gel
electrophoresis containing Sybr Safe DNA gel staining. As con-
trols, RT-PCR was carried out in the absence of SUPERSCRIPT
II reverse transcriptase or in the absence of template in the PCR
mixture. No amplification products were detected in these con-
trol samples.

Quantitative PCR (Q-PCR)—Total RNA was isolated from
MCE-7 or SK-OV-3.ipl cells (transfected with NanogcDNA or
vector alone or treated with NanogsiRNA/Stat-3siRNA or
siRNAs with scrambled sequences in the presence or absence of
24 h HA treatment) using Tripure isolation reagent kits (Roche
Applied Science) as described above. First-stranded ¢cDNAs
were synthesized from RNA using Superscript first-strand syn-
thesis system (Invitrogen). Gene expression was quantified
using probe-based Sybr Green PCR master mix kits, ABI
PRISM 7900HT sequence detection system, and SDS software
(Applied Biosystems, Foster City, CA). A cycle threshold (min-
imal PCR cycles required for generating a fluorescent signal
exceeding a preset threshold) was determined for each gene of
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interest and normalized to a cycle threshold for a housekeeping
gene (36B4) determined in parallel. The 36B4 is a human acidic
ribosomal phosphoprotein PO whose expression was not
changed in tumor cells transfected with plasmid DNAs (e.g.
NanogcDNA or vector alone) or treated with NanogsiRNA/
Stat-3siRNA or siRNAs with scrambled sequences in the pres-
ence or absence of 24-h HA treatment. The Q-PCR primers
used for detecting gene expression of MDRI, Rex1, and Sox2
were as follows. Specifically, two MDR1-specific primers (the
sense primer 5-TGCGACAGGAGATAGGCTG-3' and the
antisense primer 5'-GCCAAAATCACAAGGGTTAGCTT-
3'), two Rex1-specific primers (the sense primer 5-GCGT-
CATAAGGGGTGAGTTTT-3" and the antisense primer
5'-AGAACATTCAAGGGAGCTTGC-3'), and two Sox2-spe-
cific primers (the sense primer 5'-GCCGAGTGGAAACTTT-
TGTCG-3' and the antisense primer 5'-GCAGCGTGTACT-
TATCCTTCTT-3') were used. Finally, for detecting 36B4 gene
expression, two 36B4-specific primers (the sense primer
5'-GCGACCTGGAAGTCCAACTAC-3" and the antisense
primer 5'-ATCTGCTGCATCTGCTTGG-3') were used.

Plasmid Construction—The human Nanog expression plas-
mid was generated by RT-PCR using two Nanog-specific prim-
ers (the sense primer 5'-ATGAGTGTGGATCCAGCTTGT-3’
and the antisense primer 5'-TCACGTCTTCAGGTTGCAT-
GTT-3') and SK-OV-3.ipl cDNA as a template. The PCR prod-
uct was then cloned into pcDNA3.1/CT-GFP-TOPO (Invitro-
gen) and sequenced. The Stat-3 reporter pGL3SIE was
prepared as follows, Stat-3 SIE (TTCTGGGAATTTTCTGG-
GAATT) was first synthesized by the Biomolecular Research
Center (University of California, San Francisco) and then
cloned into pGL3 luciferase reporter vector (Promega) followed
by sequence verification. The cDNA encoding the full-length
ankyrin repeat domain (ARD) was double-digested with
BamHI and EcoRI and ligated in-frame into pcDNA3.1/HisC
vector that contains His epitope as described previously (32).

Cell Transfection—To establish a transient expression sys-
tem, tumor cells (e.g. MCF-7 or SK-OV-3.ipl cells) were trans-
fected with plasmid DNAs (e.g. NanogcDNA, ARDcDNA, or
vector alone) using Lipofectamine 2000 methods (Invitrogen).
Briefly, cells were plated at a density of 2 X 10° cells per
100-mm dish and transfected with 25 ug/dish plasmid cDNA
using Lipofectamine 2000. Transfected cells were grown in the
culture medium for at least 24—48 h. Various transfectants
were then analyzed for their protein expression by anti-Nanog
and anti-ankyrin-mediated immunoblotting as described
below.

Preparations of Cell Lysate, Cytoplasmic, and Nucleus
Fractions—Both MCEF-7 cells and SK-OV-3.ipl cells (untrans-
fected or transfected with NanogcDNA or vector alone) were
serum-starved for 24 h followed by incubation with 50 ug/ml
HA (or pretreated with anti-CD44 antibody followed by HA
treatment or no HA addition) for various time intervals (e.g. O,
5, or 30 min) at 37 °C. Cells were then lysed in a lysis buffer (50
mm HEPES (pH 7.5), 150 mm NaCl, 20 mm MgCl,, 0.5% Non-
idet P-40, 0.2 mm NazVO,, 0.2 mMm phenylmethylsulfonyl fluo-
ride, 10 ng/ml leupeptin, and 5 pg/ml aprotinin). Both cyto-
plasmic and nuclear fractions were prepared using the
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extraction kit from Active Motif (Carlsbad, CA) according to
the protocols provided by the manufacture.

Immunoprecipitation and Immunoblotting Techniques—The
cell lysate or the cytosolic fraction isolated from MCEF-7 cells or
SK-OV-3.ipl cells (untransfected or transfected with
NanogcDNA or vector alone in the presence of 50 ug/ml HA or
pretreated with anti-CD44 antibody for 1 h followed by HA
treatment or no HA addition for various time intervals (e.g. 0, 5,
or 30 min at 37 °C) was immunoblotted using various immuno-
reagents (e.g. goat anti-Nanog antibody (2 ug/ml), sheep anti-
Rex1 antibody (2 ug/ml), goat anti-Sox2 antibody (2 ug/ml), or
goat anti-actin antibody (2 ug/ml), respectively).

In addition, immunoprecipitation was conducted after
homogenization of the cell lysate using rat anti-CD44 antibody
followed by goat anti-rat IgG beads. Subsequently, the immu-
noprecipitated materials were solubilized in SDS sample buffer,
electrophoresed, and blotted onto the nitrocellulose. After
blocking nonspecific sites with 3% bovine serum albumin, the
nitrocellulose filter was incubated with various antibodies (e.g.
goat anti-Nanog antibody (2 ug/ml) or rat anti-CD44 antibody
(2 ng/ml), respectively) for 1 h at room temperature.

In some cases, the nuclear factions were isolated from
MCE-7 cells/SK-OV-3.ipl cells (untransfected or transfected
with NanogcDNA or vector alone or treated with NanogsiRNA
or scrambled sequence siRNA) that had been incubated with 50
pg/ml HA (or no HA) for various time intervals (e.g. 0, 5, or 30
min) at 37 °C. These samples were then processed for immuno-
blotting using anti-Nanog antibody (2 pg/ml) or anti-lamin
A/C (a nucleus-specific marker) antibody (2 wg/ml). In addi-
tion, nuclear fractions of both MCF-7 and SK-OV-3.ipl cells
were used for goat anti-Nanog antibody-conjugated immuno-
precipitation followed by rabbit anti-Stat-3-mediated immu-
noblot. In some experiments, anti-Nanog-mediated immuno-
precipitation followed by rabbit anti-Stat-3 immunoblot of
nuclear fractions isolated from MCEF-7/SK-OV-3.ipl cells
(untransfected or transfected with NanogcDNA or vector alone
or treated with NanogsiRNA or scrambled sequence siRNA)
was also carried out as described above.

In addition, cell lysates of MCEF-7 cells/SK-OV-3.ipl cells
(untransfected, transfected with ARDcDNA, or vector alone
and incubated with 50 wg/ml HA (or no HA) for various time
intervals (e.g 0, 5, or 30 min) at 37 °C) were processed for
immunoprecipitation using rat anti-CD44 antibody-conju-
gated beads followed by immunoblotting with mouse anti-
ankyrin antibody and goat anti-MDR1 antibody, respectively.

Luciferase Reporter Assays—MCF7 cells or SK-OV-3.ipl cells
(transfected with NanogcDNA or vector alone or NanogsiRNA
or siRNA with scrambled sequences) were grown in 6-well
plates. After attachment, cells were co-transfected with
pGL3SIE (luciferase reporter vector) in the presence or absence
of HA (or anti-CD44 antibody plus HA) and a plasmid encoding
B-galactosidase to enable normalization for transfection effi-
ciency. After 24 h, expression of the reporter (luciferase) and
the control (B-galactosidase) genes was determined using
enzyme assays and luminometry as per the manufacturer’s
(Promega) instructions.

In Vitro Tumor Cell Growth Assays—Both MCF-7 cells and
SK-OV-3.ipl cells (untransfected or transfected with
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NanogcDNA or ARDcDNA or vector alone or NanogsiRNA,
Stat-3siRNA, or siRNA with scrambled sequences, 5 X 10?
cells/well) were treated with HA (50 wg/ml) (or pretreated with
rat anti-CD44 followed by HA treatment (50 ug/ml) or
untreated). These cells were then plated in 96-well culture
plates in 0.2 ml of Dulbecco’s modified Eagle’s medium/F-12
medium supplement (Invitrogen) containing either 0.5% fetal
bovine serum or no serum for 24 h at 37 °C in 5% CO,, 95% air.
In each experiment, a total of five plates (6 wells/treatment (e.g.
HA treatment or rat anti-CD44 plus HA treatment or no treat-
ment)/plate) was used. Experiments were repeated 5— 6 times.
The in vitro growth of these cells was analyzed by measuring
increases in cell number using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assays (CellTiter 96®
nonradioactive cell proliferation assay according to the proce-
dures provided by Promega) (2). Subsequently, viable cell-me-
diated reaction products were recorded by a Molecular Devices
(Spectra Max 250) enzyme-linked immunosorbent assay reader
at a wavelength of 450 nm.

In some experiments, both MCF-7 cells and SK-OV-3.ipl
cells (untransfected or transfected with NanogcDNA or
ARDCcDNA or vector alone or NanogsiRNA, Stat-3siRNA, or
siRNA with scrambled sequences; 5 X 10° cells/well) were
treated with various concentrations of doxorubicin (4 X 10~°
to 1.75 X 10~ M) or paclitaxel (3.2 X 10~ ? to 1 X 10~ ° M) with
no HA or with HA (50 ug/ml) or anti-CD44 plus HA or PH20-
treated HA. After 24 h of incubation at 37 °C, MTT-based
growth assays were analyzed as described above. The percent-
age of absorbance relative to untreated controls (i.e. cells
treated with neither HA nor chemotherapeutic drugs) was plot-
ted as a linear function of drug concentration. The 50% inhibi-
tory concentration (IC,,) was identified as a concentration of
drug required to achieve a 50% growth inhibition relative to
untreated controls.

Drug Efflux and Retention Assays—The efflux activities of
[**C]doxorubicin hydrochloride or [PH]paclitaxel (Taxol) in
tumor cells (e.g. MCEF-7 cells or SK-OV-3.ipl cells) were con-
ducted according to the procedures described previously (82).
Briefly, tumor cells (untransfected or transfected with
NanogcDNA or ARDcDNA or vector alone or NanogsiRNA,
Stat-3siRNA, or siRNA with scrambled sequences) were grown
in 6-well plates (5 X 10 cells/well). One day later, these cells
were then switched to Dulbecco’s modified Eagle’s medium
containing either 10 nm ['*C]doxorubicin (50 mCi/mmol) or
[*H]paclitaxel (3 Ci/mmol). For analyzing the kinetics of drug
efflux, tumor cells treated with either [**C]doxorubicin or
[®H]paclitaxel for 24 h were washed and incubated in 1 ml of
drug-free medium containing HA (50 ng/ml) or no HA or anti-
CD44 antibody plus HA. Subsequently, aliquots (100 ul) of
medium were removed at various time intervals (0, 20, 40, 60,
90, 120, and 180 min). After the remaining medium was aspi-
rated, cells were washed twice and then harvested. Cell num-
bers were measured by a hemocytometer and then dissolved in
Solvable tissue gel solubilizer. Radioactivity detected in the
medium and associated with cells (indicated as intracellular
drug retention) was then measured by a liquid scintillation
counter.
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FIGURE 1. Detection of Nanog expression in tumor cells. A, RT-PCR analysis
of Nanog mRNA. Total RNA isolated from various cell types was reverse-tran-
scribed and subjected to PCR using Nanog-specific primer pairs as described
under “Materials and Methods.” DNA markers (lane 1); RT-PCR product of
Nanog detected in MCF-7 cells (lane 2) or SK-OV-3.ipl cells (lane 3) in the
absence of reverse transcriptase; RT-PCR product of Nanog detected in nor-
mal skin fibroblasts (lane 4) or MCF-7 cells (lane 5) or SK-OV-3.ipl cells (lane 6)
in the presence of reverse transcriptase. RT-PCR product of 36B4 detected in
samples used in lanes 4-6 in the presence of reverse transcriptase (as a load-
ing control). B, detection of Nanog by anti-Nanog immunoblot analysis. Cell
lysates isolated from MCF-7 or SK-OV-3.ipl cells were solubilized by 1% Non-
idet P-40 buffer followed by immunoblotting with rabbit anti-Nanog anti-
body or anti-actin as described under “Materials and Methods.” Immunoblot
of cell lysates isolated from MCF-7 cells (lane 1) or SK-OV-3.ipl cells (lane 2)
with anti-Nanog antibody (panel a) and anti-actin (panel b) as a loading
control.

RESULTS

Detection of Nanog in Breast Tumor Cells (MCF-7 Cells) and
Ovarian Tumor Cells (SK-OV-3.ipl Cells)—Nanog, a recently
identified transcription factor, has been shown to play an
important role in self-renewal and maintenance of pluripo-
tency in embryonic stem cells (62, 63). Nanog expression has
also been detected in a number of tumor cells (68, 69). Using a
specific primer pair to amplify the Nanog gene transcript by
RT-PCR, we have detected the presence of one PCR product
(~403 bp) in both breast tumor cells (MCF-7 cell line) (Fig. 14,
lane 5) and ovarian tumor cells (SK-OV-3.ipl cell line) (Fig. 14,
lane 6) but not in normal skin fibroblasts (Fig. 14, lane 4). This
PCR product was then subcloned into the pcDNA vector from
Invitrogen and sequenced. The nucleotide sequence confirms
that this band is the Nanog gene transcript. We believe that the
RT-PCR is specific because no amplified fragment can be
detected in samples incubated without reverse transcriptase
(Fig. 1A, lanes 2 and 3). The 36B4-specific primers were also
used to verify equal sample loading (Fig. 14, lanes 4—6). Our
data clearly demonstrate that the Nanog transcript is expressed
in both human breast and ovarian tumor cells. Because gene
expression at the mRNA level does not always correlate with
cellular protein expression, it is important to determine
whether Nanog protein expression also occurs in these cells.
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FIGURE 2. Analysis of HA-mediated CD44-Nanog complex in MCF-7 cells
(A) and SK-OV-3.ipl cells (B). A, cell lysates isolated from MCF-7 cells
(untreated (lane 1) or treated with HA (50 wg/ml) for 5 min (lane 2) or pre-
treated with anti-CD44 antibody (10 wg/ml) for 1 h followed by 5 min of HA
(50 pg/ml) treatment (lane 3)) were immunoprecipitated (/P) with anti-CD44
antibody followed by immunoblotting with anti-Nanog antibody (panel a) or
reblotted with anti-CD44 antibody (panel b) (as a loading control). B, cell
lysates isolated from SK-OV-3.ipl cells (untreated (lane 1) or treated with HA
(50 ng/ml) for 5 min (lane 2) or pretreated with anti-CD44 antibody (10 wg/ml)
for 1 h followed by 5 min of HA (50 p.g/ml) treatment (lane 3)) were immuno-
precipitated with anti-CD44 antibody followed by immunoblotting with anti-
Nanog antibody (panel a) or reblotted with anti-CD44 antibody (panel b) (as a
loading control).

Immunoblot analysis using anti-Nanog antibody indicates that
the Nanog gene product (~34-kDa protein) is present in both
MCE-7 cells (Fig. 1B, lane 1) and SK-OV-3.ipl cells (Fig. 1B, lane
2). These results clearly establish that Nanog is expressed at
both the transcript and protein levels in MCF-7 cells and
SK-OV-3.ipl cells.

HA-mediated CD44 Interaction with Nanog in MCF-7 and
SK-OV-3.ipl Cells—A number of studies indicate that HA,
CD44, and Nanog are overexpressed in solid tumors, including
breast and ovarian cancers, and that these three molecules are
all implicated in the initiation and development of malignancy
(9-12,13-28, 68, 69). Thus, identifying the specific extracellu-
lar matrix-surface receptor (i.e. HA-CD44)-mediated signaling
events plus the Nanog function(s) required for activation of
epithelial tumor cells could be very important for understand-
ing the disease mechanisms occurring during breast and ovar-
ian tumor progression.

In this study we have first addressed the question of whether
there is a physical linkage between CD44 and Nanog in epithe-
lial tumor cells (e.g. MCF-7 (Fig. 24) and SK-OV-3.ipl cells (Fig.
2B)). To this end we first carried out anti-CD44-mediated
immunoprecipitation followed by anti-Nanog immunoblot
(Fig. 2, A, panel a, and B, panel a) or anti-CD44 immunoblot
(Fig. 2, A, panel b, and B, panel b), respectively, using cells
treated with HA (or no HA). Our results indicate that a 5-min
HA treatment causes the recruitment of a significant amount of
Nanog (Fig. 2, A, panel a, lane 2, and B, panel a, lane 2) into the
CD44 complex (Fig. 2, A, panel b, lane 2, and B, panel b, lane 2).
In contrast, a low level of Nanog is present in the anti-CD44-
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immunoprecipitated materials (reblotted with anti-CD44) in
cells treated with no HA (Fig. 2, A, panels a and b, lane 1, and B,
panels a and b, lane 1) or in cells pretreated with anti-CD44
antibody followed by a 5-min HA treatment (Fig. 2, A, panels a
and b, lane 3, and B, panels a and b, lane 3). These findings
clearly establish that CD44 and Nanog are closely associated
with each other, and there is a significant increase in the com-
plex following a 5-min HA treatment of both breast and ovarian
tumor cells.

During a 30-min HA treatment of either MCF-7 or SK-OV-
3.ipl cells, Nanog expression increases in the nuclear fraction
(Fig. 3, [, panel A, a and b, lane 2, and I, panel B, a and b, lane 2).
Previous studies showed that activated Nanog functions as a
transcription factor that binds to specific promoter elements of
target genes and regulates gene expression encoding RexI and
Sox2 (64, 66). In this study we have observed that HA-CD44
binding is capable of stimulating Rex1 (Fig. 3, II, panel A, a, lane
2, and I1, panel B, a, lane 2) and Sox2 gene expression (Fig. 3, 11,
panel A, b, lane 2, and II, panel B, b, lane 2). In contrast, a very
low level of Nanog (Fig. 3, I, panel A, a, lane 1, and I, panel B, a,
lane 1) and Rex1/Sox2 gene expression (Fig. 3, II, panel A, a,
lane 1, II, panel A, b, lane 1, II, panel B, a, lane 1, and II, panel B,
b, lane 1) is detected in both tumor cells treated with no HA.
When MCEF-7 and SK-OV-3.ipl cells were pretreated with anti-
CD44, both HA-mediated Nanog expression (Fig. 3, I, panel A,
a, lane 3, and I, panel B, a, lane 3) and Rex1/Sox2 gene expres-
sion (Fig. 3, II, panel A, a, lane 3, II, panel A, b, lane 3, 1I, panel
B, a, lane 3, and I, panel B, b, lane 3) are greatly reduced.
Therefore, it is likely that Nanog production and certain stem
cell regulator gene expression (e.g. Rex1 and Sox2) involves HA-
CD44 interaction. Further analyses indicated that HA/CD44-
induced stimulation of Nanog (Fig. 3, [, panel A, a and b, lane 4,
and I, panel B, a and b, lane 4) and Rex1/Sox2 gene expression
(Fig. 3,11, panel A, a, lane 4, II, panel A, b, lane 4, II, panel B, a,
lane 4, and II, panel B, b, lane 4) was greatly inhibited in MCF-7
and SK-OV-3.ipl cells transfected with NanogsiRNA, as com-
pared with Nanog production (Fig. 3, , panel A, a, lane 5, and I,
panel B, a, lane 5) and expression of these stem cell regulator
markers (Fig. 3, II, panel A, a, lane 5, II, panel A, b, lane 5, II,
panel B, a, lane 5, and II, panel B, b, lane 5) in tumor cells treated
with scrambled sequences. Overexpression of Nanog in both
MCE-7 cells and SK-OV-3.ipl cells by transfecting cells with
NanogcDNA significantly up-regulates Nanog (Fig. 3, , panel
A, a, lane 6, and I, panel B, a, lane 6) and Rex1/Sox2 gene expres-
sion (Fig. 3, II, panel A, a, lane 6, II, panel A, b, lane 6, II, panel
B, a, lane 6, and II, panel B, b, lane 6) in these tumor cells. These
findings strongly suggest that HA/CD44-mediated Nanog sig-
naling activates Nanog-specific target gene (e.g. Rex1 and Sox2)
expression in epithelial tumor cells such as breast (MCEF-7 cells)
and ovarian tumor cells (SK-OV-3.ipl cells).

HA/CD44-mediated Nanog Interaction with Stat-3 Stimu-
lates Stat-3-specific Transcriptional Activation and Tumor Cell
Growth—Constitutive activation of Stat-3, a family of tran-
scription factors, has been detected in both breast carcinomas
and ovarian tumors (70-73, 77, 78). Previous studies showed
that both Nanog and Stat-3 are functionally coupled during the
maintenance of stem cell functions (74). To examine the possi-
ble interaction between Nanog and Stat-3 in MCF-7 and
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FIGURE 3. Detection of HA-mediated Nanog nuclear localization in MCF-7 and SK-OV-3.ipl cells. /, nuclear
fraction isolated from MCF-7 (I, panel A) or SK-OV-3.ipl cells (I, panel B) (untreated (lane 1) or treated with HA (50
ng/ml) for 30 min (lane 2) or pretreated with anti-CD44 for 1 h followed by 30 min of HA (50 wg/ml) treatment
(lane 3) or pretreated with NanogsiRNA followed by 30 min of HA treatment (lane 4) or pretreated with scram-
bled sequence siRNA followed by 30 min of HA treatment (lane 5) or transfected with NanogcDNA (lane 6)) were
immunoblotted with anti-Nanog antibody (a) or anti-lamin A/C antibody (b) (as a loading control). I, detection
of Nanog target gene expression in both MCF-7 (panel A) and SK-OV-3.ipl cells (panel B). The expression of
Nanog target genes (e.g. Rex1 and Sox2) was measured using specific primers and Q-PCR in tumor cells accord-
ing to the procedures described under “Materials and Methods.” Total RNA isolated from either MCF-7 (panel A)
or SK-OV-3.ipl cells (panel B) (untreated (lane 1) or treated with HA (50 wg/ml) for 24 h (lane 2) or pretreated with
anti-CD44 for 1 h followed by 24 h HA (50 g/ml) treatment (lane 3) or pretreated with NanogsiRNA followed by
24 h HA treatment (lane 4) or pretreated with scrambled sequence siRNA followed by 24 h HA treatment (lane
5) or transfected with NanogcDNA (lane 6)) was reverse-transcribed and subjected to Q-PCR using Rex1 (panel
A, aand panel B, a)-specific or Sox2 (panel A, b and panel B, b)-specific primer pairs as described under “Materials
and Methods.” Relative mRNA expression levels of Rex1 or Sox2 in various treatments were calculated after
normalization with 36B4 mRNA levels as determined by Q-PCR. The values expressed in this figure represent an

or pretreated with anti-CD44 fol-
lowed by HA treatment (Fig. 5, 4,
lane 3, and B, lane 3). However,
transcriptional ~ activation by
Nanog-associated Stat-3 is greatly
enhanced in both MCF-7 cells and
SK-OV-3.ipl cells treated with HA
(Fig. 5, A, lane 2, and B, lane 2). We
have also observed that HA-in-
duced Stat-3-specific transcrip-
tional activation was greatly

average of triplicate determinations of three experiments with a standard deviation less than +5%.

SK-OV-3.ipl cells, we have analyzed the anti-Nanog-mediated
immunoprecipitates from nuclear extracts by immunoblotting
with anti-Stat-3, or anti-Nanog antibody, respectively. Our
results demonstrate that Nanog (Fig. 4, A, panel b, lane 1, and B,
panel b, lane 1) is complexed with Stat-3 (Fig. 4, A, panel a, lane
1, and B, panel a, lane I) in the nuclear fractions of both tumor
cells without any HA treatment. Furthermore, we have
observed that a 30-min HA treatment of MCF-7 or SK-OV-
3.ipl cells stimulates a significant increase in the amount of
Nanog (Fig. 4, A, panel b, lane 2, and B, panel b, lane 2) and
Stat-3 (Fig. 4, A, panel a, lane 2, and B, panel a, lane 2) com-
plexes in the nuclear fractions of these tumor cells. When these
tumor cells were pretreated with anti-CD44 antibody followed
by a 30-min HA treatment, the complex formation between
Nanog and Stat-3 in the nuclear fraction is greatly reduced in
both cell lines (Fig. 4, A, panels a and b, lane 3, and B, panels a
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reduced in MCF-7 and SK-OV-3.ipl
cells transfected with NanogsiRNA
(Fig. 5, A, lane 4, and B, lane 4), as
compared with HA-mediated transcriptional activities
detected in tumor cells treated with siRNA with scrambled
sequences (Fig. 5, A, lane 5, and B, lane 5). Overexpression of
Nanog by transfecting MCF-7 and SK-OV-3.ipl cells with
NanogcDNA greatly enhances Stat-3-mediated transcriptional
activation (Fig. 5, A, lane 6, and B, lane 6). These findings clearly
indicate that HA/CD44-activated Nanog plays an important
role in regulating Stat-3-specific transcriptional activation in
both breast and ovarian tumor cells. There is substantial evi-
dence of Stat-3 involvement in regulating tumor cell survival
and growth through the expression of Stat-3 target genes
encoding proliferation-related proteins, such as cyclin D1 and
c-Myc (72, 73, 83). In this study we have observed that both
MCE-7 and SK-OV-3.ipl cells undergo rapid cell growth during
HA treatment (Tables 1-3). However, pretreatment of these
tumor cells with anti-CD44 antibody causes a significant inhi-
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FIGURE 4. Analysis of HA-mediated Nanog-Stat-3 complex formation in
the nuclear fraction of MCF-7 cells (A) and SK-OV-3.ipl cells (B). A, nuclear
fraction isolated from MCF-7 cells (untreated (lane 1) or treated with HA (50
ng/ml) for 30 min (lane 2) or pretreated with anti-CD44 antibody (10 wg/ml)
for 1 h followed by 30 min of HA (50 ng/ml) incubation (lane 3)) were immu-
noprecipitated (/P) with anti-Nanog antibody followed by immunoblotting
with anti-Stat-3 antibody (panel a) or reblotted with anti-Nanog antibody
(panel b) (as a loading control). B, nuclear fraction isolated from SK-OV-3.ipl
cells (untreated (lane 1) or treated with HA (50 p.g/ml) for 30 min (lane 2) or
pretreated with anti-CD44 antibody (10 pg/ml) for 1 h followed by 30 min HA
(50 wg/ml) incubation (lane 3)) were immunoprecipitated with anti-Nanog
antibody followed by immunoblotting with anti-Stat-3 antibody (panel a) or
reblotted with anti-Nanog antibody (panel b) (as a loading control).

bition of HA-mediated tumor cell growth (Table 14). Overex-
pression of Nanog by transfecting cells with NanogcDNA up-
regulates tumor cell growth (Table 2). Importantly,
transfection of MCEF-7 cells or SK-OV-3.ipl cells with
NanogsiRNA or Stat-3siRNA (but not scrambled sequence
siRNA) also effectively blocks tumor cell growth (Table 1B and
Table 3). Together these findings support the conclusion that
both Nanog function and Stat-3 activation act as important
signaling regulators of HA/CD44-mediated tumor cell growth.

HA/CD44 and Nanog/Stat-3-mediated MDR1 Gene
Expression and Multidrug Resistance in MCF-7 and
SK-OV-3.ipl Cells—The multidrug-resistant phenotype con-
stitutes a major clinical problem in human cancers, including
breast and ovarian cancers (1). Up-regulation of certain mem-
brane pumps, such as MDR1 (P-gp), is known to be involved in
the drug efflux and multidrug resistance of solid tumors (45—
48). A number of studies have indicated that HA-CD44 inter-
action induces transcriptional up-regulation of the MDRI gene
and the expression of multidrug resistance in different cell
types (49-55). However, the cellular and molecular mecha-
nisms underlying regulation of MDRI gene expression are not
well understood. To investigate whether HA/CD44 activation
of Nanog-Stat-3 signaling pathway participates in MDRI gene
expression, we have used MDR-1-specific primers and Q-PCR
to measure the level of MDRI gene expression in both MCE-7
cells and SK-OV-3 cells. Our data indicate that the level of
MDRI gene expression is significantly enhanced in both
MCE-7 cells (Fig. 64, lane 2) and SK-OV-3.ipl cells (Fig. 6B,
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FIGURE 5. Detection of Stat-3-specific transcriptional activity in tumor
cells. Specifically, MCF-7 cells (A) or SK-OV-3.ipl cells (B) (untreated (lane 1) or
treated with HA (50 ug/ml) for 24 h (lane 2) or pretreated with anti-CD44 for
1 h followed by 24 h of HA (50 ug/ml) treatment (lane 3) or pretreated with
NanogsiRNA followed by 24 h of HA treatment (lane 4) or pretreated with
scrambled sequence siRNA followed by 24 h of HA treatment (lane 5) or trans-
fected with NanogcDNA (lane 6)) were co-transfected with pGL3SIE (lucifer-
ase reporter vector) in the presence or absence of HA (or anti-CD44 antibody
plus HA) and a plasmid encoding B-galactosidase (to enable normalization
for transfection efficiency). After 24 h, expression of the reporter (luciferase)
and the control (B-galactosidase) genes were determined using enzyme
assays and luminometry as described under “Materials and Methods.” The
values expressed in this figure represent an average of triplicate determina-
tions of 3-5 experiments with an S.D. of less than *=5%.

lane 2) treated with HA. In contrast, M/DRI gene expression is
relatively low in either MCE-7 cells (Fig. 64, lane 1) or SK-OV-
3.ipl cells (Fig. 6B, lane 1) without any HA treatment or those
cells pretreated with anti-CD44 antibody followed by HA treat-
ment (Fig. 6, A, lane 3, and B, lane 3). These observations clearly
indicate that HA-mediated M DRI gene expression is CD44-de-
pendent. Most importantly, Nanog overexpression caused by
transfecting the tumor cells with NanogcDNA significantly up-
regulates MDR1 mRNA expression (Fig. 6, A, lane 4. and B, lane
4). Down-regulation of Nanog or Stat-3 by treating cells with
NanogsiRNA (Fig. 6, A, lane 5, and B, lane 5) or Stat-3siRNA
(Fig. 6, A, lane 6, and B, lane 6), respectively, significantly inhib-
its HA/CD44-activated MDR1 mRNA expression. These find-
ings support the conclusion that the Nanog/Stat-3 signaling
pathway plays an important part in HA/CD44-mediated MDR1
gene expression in both breast and ovarian tumor cells.

To further investigate whether multidrug resistance in both
MCE-7 cells and SK-OV-3.ipl cells might be through HA-CD44
interaction with Nanog and Stat-3 signaling events, we per-
formed tumor cell growth assays with anti-breast cancer and
anti-ovarian cancer chemotherapeutic drugs (e.g. doxorubicin
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TABLE 1

Analyses of HA-mediated tumor cell growth

Procedures for measuring tumor cell growth in MCF-7 and SK-OV-3.ipl cells
(untreated or treated with 50 pmol of NanogsiRNA, or 50 pmol of siRNA-scrambled
sequence or 10 ug/ml anti-CD44 antibody) in the presence or absence of 50 ug/ml
HA for 24 h were described under “Materials and Methods.” Tumor cell growth
without any treatment (A) or treated with NanogsiRNA-scrambled sequences (B) is
designated as 100%. For the tumor cell growth assay, data represent mean * S.E. of
cell numbers in each sample.

MCE-7 cell SK-OV-3.ipl
Cells growth cell growth
—HA +HA —HA +HA

% control® % control”

A. Effects of anti-CD44
antibody treatment on
HA-mediated tumor cell
growth

Untreated cells (control)
Normal rat IgG-treated cells
Rat anti-CD44-treated cells

B. Effects of NanogsiRNA
treatment on HA-mediated
tumor cell growth
Scrambled sequence treatment 100 £ 4 247 * 6°
(control)
NanogsiRNA treatment 78 +2° 83%+4° 84+37 92+37

“ Data are significantly different (p < 0.005; ANOVA; n = 5) as compared with
control samples (e.g. untreated (no antibody treatment and no HA addition) (con-
trol) samples).

’ Data are significantly different (p < 0.001; ANOVA; n = 6) as compared with
control samples (e.g. untreated (no antibody treatment and no HA addition) (con-
trol) samples).

¢ Data are significantly different (p < 0.005; ANOVA; n = 5) as compared with
control samples (e.g. scrambled sequence treated (in the absence of HA) (control)
samples).

9 Data are significantly different (p < 0.005; ANOVA; 1 = 6) as compared with
control samples (e.g. scrambled sequence treated (in the absence of HA) (control)
samples).

100 =4 243 +6" 100 =3 255+ 6
97 + 3% 240 +5° 96 +2° 258 +7°
86+2¢ 98+3° 91+2> 97+3

100 +4 250 = 74

TABLE 2

Effects of Nanog overexpression on HA-mediated tumor cell growth
Procedures for measuring tumor cell growth in MCF-7 and SK-OV-3.ipl cells
(transfected with NanogcDNA or vector alone) in the presence or absence of 50
pug/ml HA for 24 h were described under “Materials and Methods.” Tumor cell
growth or transfected with vector is designated as 100%. For the tumor cell growth
assay, data represent mean * S.E. of cell numbers in each sample.

Tumor cell growth

Cells
MCE-7 cells SK-OV-3.ipl cells
% of control®®
Vector-transfected cells (control) 100 =3 100 * 4
NanogcDNA-transfected cells 258 = 74 265 = 8°

“ Data are significantly different (p < 0.001; ANOVA; n = 5) as compared with
control samples (e.g. vector-transfected (control) samples).

’ Data are significantly different (p < 0.001; ANOVA; n = 6) as compared with
control samples (e.g. vector-transfected (control) samples).

and paclitaxel in the presence or absence of HA or anti-CD44
antibody plus HA). In the absence of HA, doxorubicin-treated
MCE-7 and SK-OV-3.ipl tumor cell growth displays IC,, values
of 63 and 354 nM, respectively, whereas paclitaxel-treated
MCE-7 and SK-OV-3.ipl tumor cell growth exhibits IC,, values
of 40 and 158 nwm, respectively (Fig. 71, panel A, and I, panel A,
and Tables 4 and 5). However, the binding of HA reduces the
ability of both doxorubicin (with IC,, values of 316 and 1995
nwm, respectively, for MCF-7 and SK-OV-3.ipl cells) and pacli-
taxel (with IC, values of 158 and 1000 nwm, respectively, for
MCEF-7 cells and SK-OV-3.ipl cells) to cause tumor cell death
(Fig. 7, I, panel A, and II, panel A, and Tables 4 and 5). These
observations suggest that HA causes these tumor cells to
become relatively resistant to doxorubicin and paclitaxel. Fur-
thermore, pretreatment of these tumor cells with anti-CD44
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TABLE 3

Effects of Stat-3siRNA treatment on HA-mediated tumor cell growth
Procedures for measuring tumor cell growth in MCF-7 and SK-OV-3.ipl cells
(treated with 50 pmol of Stat-3siRNA, or 50 pmol of siRNA-scrambled sequence) in
the presence or absence of 50 ug/ml HA for 24 h were described under “Materials
and Methods.” Tumor cell growth treated with Stat-3siRNA-scrambled sequences
is designated as 100%. For the tumor cell growth assay, data represent mean * S.E.
of cell numbers in each sample.

MCEF-7 cell SK-OV-3.ipl
Cells growth cell growth
—HA +HA —HA +HA
% of control® % of control”
Scrambled sequence 100 + 2 253 =6 100 %3 264 + 7°
treatment (control)
Stat-3siRNA treatment ~ 88 =3  92+4%  95x=2° 1022’

“ Data are significantly different (p < 0.005; ANOVA; n = 6) as compared with control
samples (e.g. scrambled sequence treated (in the absence of HA) (control) samples).

? Data are significantly different (p < 0.001; ANOVA; 1 = 5) as compared with control
samples (e.g. scrambled sequence treated (in the absence of HA) (control) samples).
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FIGURE 6. Detection of MDR1 gene expression in both MCF-7 (A) and
SK-0V-3.ipl cells (B). The expression of MDR T was measured using specific prim-
ersand Q-PCRin tumor cells according to the procedures described under “Mate-
rials and Methods.” Total RNA isolated from either MCF-7 (A) or SK-OV-3.ipl cells
(B) (untreated (lane 1) or treated with HA (50 pg/ml) for 24 h (lane 2) or pretreated
with anti-CD44 for 1 h followed by 24 h of HA (50 ug/ml) treatment (lane 3) or
transfected with NanogcDNA (lane 4) or pretreated with NanogsiRNA followed
by 24 h of HA treatment (lane 5) or pretreated with Stat-3siRNA followed by 24 h
of HA treatment (lane 6)) was reverse-transcribed and subjected to Q-PCR using
MDR1-specific primer pairs as described under “Materials and Methods.” Relative
mMRNA expression levels of MDR1 in various treatments were calculated after
normalization with 36B4 mRNA levels as determined by Q-PCR. The values
expressed in this figure represent an average of triplicate determinations of three
experiments with an S.D. of less than +5%.

antibody followed by HA addition greatly reduces the HA-me-
diated drug resistance (Fig. 7, I, panel A, and II, panel A, and
Tables 4 and 5). This suggests that HA acts through CD44 to
support cell survival in the presence of chemotherapeutic drugs
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FIGURE 7. 1C;, analyses of doxorubicin (/) and paclitaxel (/) in MCF-7 cells. MCF-7 cells (untransfected or
transfected with NanogcDNA or ARDcDNA or vector alone or NanogsiRNA, Stat-3siRNA, or siRNA with scram-
bled sequences) (5 X 10° cells/well) were treated with various concentrations of doxorubicin (4 X 10™° to
1.75 X 10> M) (panel A) or paclitaxel (3.2 X 10" to 1 X 10~ ° m) (panel B) with no HA or with HA (50 ug/ml) or
anti-CD44 plus HA. After 24 h of incubation at 37 °C, MTT-based growth assays were analyzed as described
under “Materials and Methods.” The percentage of absorbance relative to untreated controls (cells treated with
neither HA nor chemotherapeutic drugs) was plotted as a linear function of drug concentration. The 50%
inhibitory concentration (IC5o) was identified as a concentration of drug required to achieve a 50% growth
inhibition relative to untreated controls./, panel A, a-d, MCF-7 cells (untreated (b) or treated with HA (50 wg/ml)
for 24 h (a) or pretreated with anti-CD44 for 1 h followed by no HA treatment (c) or with 24 h of HA treatment
(d)) were incubated with various concentrations of doxorubicin (4 X 107° to 1.75 X 10> m). |, panel B, a-d,
MCF-7 cells (transfected with NanogcDNA (a) or treated with scrambled sequence siRNA plus 24 h of HA (50
ng/ml) treatment (b) or treated with NanogsiRNA plus 24 h of HA treatment (c) or Stat-3siRNA plus 24 h of HA
treatment (d)) were incubated with various concentrations of doxorubicin (4 X 10~ to 1.75 X 10> m)., panel
G, a-d, MCF-7 cells (transfected with vector alone plus 24 h of HA (50 pg/ml) treatment (a) or no HA (b) or
transfected with ARDcDNA with no HA (¢) or with 24 h of HA treatment (d)) were incubated with various
concentrations of doxorubicin (4 X 10~ ?to 1.75 X 10> m). /I, panel A, a-d, MCF-7 cells (untreated (b) or treated
with HA (50 wg/ml) for 24 h (a) or pretreated with anti-CD44 for 1 h followed by no HA treatment (c) or with 24 h
of HA treatment (d)) were incubated with various concentrations of paclitaxel (3.2 X 10"°to 1 X 107> m). /I,
panel B, a-d, MCF-7 cells (transfected with NanogcDNA (a) or treated with scrambled sequence siRNA plus 24 h
of HA (50 wg/ml) treatment (b) or treated with NanogsiRNA plus 24 h of HA treatment (c) or Stat-3siRNA plus
24 h HA of treatment (d)) were incubated with various concentrations of paclitaxel (3.2 X 107 ?to 1 X 107> m).
I, panel C, a-d, MCF-7 cells (transfected with vector alone plus 24 h HA (50 w.g/ml) treatment (a) or no HA (b) or
transfected with ARDcDNA with no HA (c) or with 24 h HA treatment (d)) were incubated with various concen-
trations of paclitaxel (3.2 X 107°to 1 X 107> wm).
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such as doxorubicin and paclitaxel
in both breast and ovarian tumor
cells. Moreover, Nanog overexpres-
sion (by transfecting MCF-7 cells
and SK-OV-3.ipl cells, respectively,
with NanogcDNA) drastically in-
creases multidrug resistance in
both MCEF-7 cells and SK-OV-3.ipl
cells (Fig. 7, 1, panel B, and I, panel
B, and Tables 4 and 5). Down-reg-
ulation of the expression of Nanog
or Stat-3 (by transfecting tumor
cells with NanogsiRNA or Stat-
3siRNA) effectively enhances mul-
tidrug sensitivity in both MCEF-7
cells and SK-OV-3.ipl cells (Fig. 7,
L, panel B, and II, panel B, and
Tables 4 and 5). These results
strongly support the notion that
the Nanog-Stat-3 signaling path-
way is required for HA/CD44-me-
diated multidrug resistance in
both breast and ovarian cancers.
Regulation of Drug Efflux/Reten-
tion and Multidrug Resistance in
MCF-7 and SK-OV-3.ipl Cells by
HA/CD44-mediated Ankyrin Func-
tion—MDRI1 (P-gp) belongs to the
ATP-binding cassette transporters,
a superfamily of channel proteins
(45—48). The functions of MDRI1
(P-glycoprotein) include the efflux
and retention of ions, nutrients, lip-
ids, amino acids, peptides, proteins,
and drugs (45-48). Previously,
MDR1 (P-gp) was found to be asso-
ciated with actin through ERM pro-
teins in lymphoid cells (84). How-
ever, the mechanisms underlying
MDR1 (P-gp) and cytoskeleton-reg-
ulated multidrug efflux in epithelial
tumor cells (e.g. breast and ovarian
tumor cells) remain unknown.
CD44 interacts with a number of
membrane-associated cytoskeletal
proteins, such as ankyrin, which are
expressed in both breast and ovar-
ian tumor cells (14, 19-21, 32, 43,
44). 1t binds directly to the ARD of
ankyrin through a conserved
ankyrin-binding domain in the
CD44 cytoplasmic region (32). This
CD44-ankyrin interaction causes
cytoskeleton activation and results
in several important HA-mediated
functions, including channel flux
activities (43). CD44 is also closely
involved in MDR1 (P-glycoprotein)
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TABLE 4

IC5, analyses of doxorubicin and paclitaxel in MCF-7 and effects of
various agents on the IC5, of doxorubicin and paclitaxel in MCF-7
cells

Doxorubicin Paclitaxel
Treatments (ICs0) (ICsp)
—HA +HA —HA +HA
nm nm
A. Effects of anti-CD44 antibody
treatment on the IC;, values of
doxorubicin and paclitaxel in
HA-treated MCF-7 cells
Untreated cells (control) 632 31615 40*2 158=*6
Rat anti-CD44-treated cells 52+ 3 51 2 241 23*1
B. Effects of NanogsiRNA and
Stat-3siRNA treatments on the
IC;, values of doxorubicin
and paclitaxel in HA-treated
MCE-7 cells
Scrambled siRNA-treated cells 611 314*12 42+2 156=*7
NanogsiRNA-treated cells 42+ 1 41 2 25+1 23*1
Stat-3siRNA-treated cells 431 40=*1 251 31%*1
C. Effects of Nanog and ARD
overexpression on the IC;,
values of doxorubicin and
paclitaxel in HA-treated
MCE-7 cells
Vector-transfected cells 62*+3 31510 40*2 155*6
NanogcDNA-transfected cells 354+ 14 500*25 177*5 199 *4
ARDcDNA -transfected cells 32+1 312 24+1 25%*1

TABLE 5

Effects of various agents on the IC;, of doxorubicin and paclitaxel in
SK-OV-3.ipl cells

Doxorubicin Paclitaxel
Treatments (ICs0) (ICs0)
—HA +HA —HA +HA
nm nm
A. Effects of anti-CD44 antibody
treatment on the ICs, of
doxorubicin and paclitaxel in
HA-treated SK-OV-3.ipl cells
Untreated cells (control) 354 +13 1995+71 158=*5 1000 * 34
Rat anti-CD44-treated cells 199 +10 196+10 125%*6 123 £5
B. Effects of NanogsiRNA and
Stat-3siRNA treatments on
the IC;, of doxorubicin and
paclitaxel in HA-treated
SK-OV-3.ipl cells
Scrambled siRNA-treated cells 316 =13 200082 141 *5 1005 =* 37
NanogsiRNA-treated cells 177 £ 8 180 =8 127 £5 128 6
Stat-3siRNA-treated cells 176 =7 22310 126 =4 141 =7
C. Effects of Nanog and ARD
overexpression on the IC;, of
doxorubicin and paclitaxel in
HA-treated SK-OV-3.ipl cells
Vector-transfected cells 316212 1995*21 140*+2 1005 =* 16
NanogcDNA-transfected cells 2511 = 14 4466 = 25 1258 =15 1584 * 14
ARDcDNA-transfected cells 141 +1 158 =2 11210 125*6

functions in T-lymphocytes (85). The question whether the
membrane-binding domain of ankyrin (ie. the ARD) is
involved in regulating HA/CD44-mediated MDR1 (P-gp) chan-
nel activities in epithelial tumor cells (e.g. breast and ovarian
tumor cells) is addressed in this study.

Using anti-CD44-mediated immunoprecipitation followed
by anti-ankyrin and anti-MDR1 (P-gp)-mediated immunoblot-
ting of vector-transfected cells (treated with HA or no HA), we
have found that both MDR1 (P-gp) and ankyrin are complexed
with CD44 isolated from vector-transfected cells (treated with
HA) (Fig. 8, A, lane 2, and B, lane 2) compared with the MDR1
(P-gp)/ankyrin-CD44 complexes isolated from vector-trans-
fected cells treated with no HA (Fig. 8, A, lane 1, and B, lane 1)
and anti-CD44 antibody plus HA (Fig. 8, A, lane 3, and B, lane
3). In contrast, neither ankyrin nor MDR1 (P-gp) becomes asso-
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FIGURE 8. Analysis of HA-mediated CD44 interaction with ankyrin and
MDR1 (P-gp) in MCF-7 cells (A) and SK-OV-3.ipl cells (B). Cell lysates iso-
lated from MCF-7 cells (A) or SK-OV-3.ipl cells (B) (untreated (lane 1) or pre-
treated with anti-CD44 antibody (10 wg/ml) for 1 h followed by 5 min of HA
(50 wg/ml) treatment (lane 2) or treated with HA (50 wg/ml) for 5 min (lane 3)
or transfected with ARDcRNA with no HA (lane 4) or transfected with
ARDcDNA with 5 min of HA treatment (lane 5)) were immunoprecipitated (/P)
with anti-CD44 antibody followed by immunoblotting with anti-ankyrin anti-
body (a), or anti-MDR1 (P-gp) antibody (b), or reblotted with anti-CD44 anti-
body (c) (as a loading control).

ciated with CD44 in tumor cells transfected with a dominant-
negative form of ankyrin (ARD)cDNA, either in the presence of
HA (Fig. 8, A, lane 4, and B, lane 4) or in the absence of HA (Fig.
8, A, lane 5, and B, lane 5). These observations suggest that
ankyrin plays an important role in HA/CD44-mediated recruit-
ment of MDR1 (P-gp) in the plasma membrane.

In addition, we have used radioactively labeled chemothera-
peutic drugs such as ["*C]doxorubicin and [*H]paclitaxel to
measure drug effluxes after HA binding to CD44-positive
MCE-7 cells and SK-OV-3.ipl cells. Our results clearly show
that the efflux of both doxorubicin and paclitaxel are elevated
shortly after the addition of HA to vector-transfected tumor
cells in a time-dependent manner reaching a plateau level ~3 h
after HA addition (Fig. 9, A-D). Consequently, high levels of
HA-mediated drug efflux cause low levels of intracellular drug
retention (Table 7) and multidrug resistance (Fig. 7, I, panels
A-C, and II, panels A-C; Tables 4 and 5). It is also noted that
HA-mediated drug efflux activities are relatively low in vector-
transfected cells without HA treatment or pretreated with anti-
CD44 antibody followed by HA addition (Fig. 9, A, a—c, B, a—c,
C, a—c¢, and D, a—c). The reduction in drug efflux activities in
these cells results in an increase in intracellular drug retention
(Table 7) and areduction in multidrug resistance (Fig. 7, I, panel
C, and 11, panel C, and Tables 4 and 5). Moreover, we have found
that overexpression of ARD by transfecting tumor cells with
ARDcDNA blocks HA-mediated drug efflux leading to increase
in drug retention and enhancement of multidrug sensitivities
(Fig. 9, A, dand f, B, d and f, C, d and ¢, and D, d and e; and Table
7). In an additional control experiment, we have found that
hyaluronidase (PH20)-degraded HA fails to stimulate increased
drug resistance (Table 6) and efflux of chemotherapy agents
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FIGURE 9. Measurement of the drug efflux activities in MCF-7 cells (A and B) and SK-OV-3.ipl cells (Cand
D). For analyzing the kinetics of drug efflux, tumor cells (transfected with ARDcDNA or vector alone) treated
with either ['*Cldoxorubicin or [*H]paclitaxel for 24 h were washed and incubated with drug-free medium
containing HA (50 wg/ml) or no HA or anti-CD44 antibody plus HA or PH20-treated HA. Subsequently, aliquots
(100 ul) of medium were removed at various time intervals (0, 20, 40, 60, 90, 120, and 180 min). The efflux
activities of ['*Cldoxorubicin or [*H]paclitaxel in MCF-7 cells (A and B) or SK-OV-3.ipl cells (C and D) were
measured according to the procedures described under “Materials and Methods.” A, efflux activities of
["*Cldoxorubicin in MCF-7 cells (transfected with vector plus HA (a) or no HA (b), or pretreated with anti-CD44
antibody plus HA (c), or transfected with ARDcDNA plus HA (d), or PH20-treated HA (e), or no HA (). B, efflux
activities of [*H]paclitaxel in MCF-7 cells (transfected with vector plus HA (a) or no HA (b) or pretreated with
anti-CD44 antibody plus HA (c), or transfected with ARDcDNA plus HA (d), or PH20-treated HA (e), or no HA (f)).
G, efflux activities of ['*Cldoxorubicin in SK-OV-3.ipl cells (transfected with vector plus HA (a) or no HA (b) or
pretreated with anti-CD44 antibody plus HA (c), or transfected with ARDcDNA plus HA (d), or no HA (e), or
PH-20-treated HA (f). D, efflux activities of [*H]paclitaxel in SK-OV-3.ipl cells (transfected with vector plus HA (a)
orno HA (b) or pretreated with anti-CD44 antibody plus HA (c), or transfected with ARDcDNA plus HA (d), or no

HA (e), or PH20-treated HA (f)).

TABLE 6

Effects of PH-20-treated HA on the IC;, of doxorubicin and paclitaxel
in SK-OV-3.ipl cells

IC,, is designated as “the nm concentration of chemotherapeutic drugs (e.g. doxo-
rubicin or paclitaxel) that causes 50% inhibition of tumor cell growth.” IC,, values
are presented as the means = S.D. All assays consisted of at least six replicates and
were performed on at least three different experiments.

Doxorubicin Paclitaxel
IC IC,
Cells (+lf]0{)20 treated (+l:l(2l)20 treated
-treate -treate
—HA HA —HA HA

nm nm
MCE-7 cells 60 £3 512 382 302
SK-OV-3.iplcells 310+ 6 275+ 5 138 =3 104 *+ 4

(Fig. 9, A, ¢, B, e, C, f, and D, f) in tumor cells. Therefore, we
conclude that multidrug efflux/retention and resistance is
HA/CD44-specific and ankyrin-dependent in both breast
and ovarian tumor cells. Interference of the endogenous
ankyrin binding to CD44 (using overexpression of ARD frag-
ments by transfecting cells with ARDcDNA) not only abol-
ishes MDR1 (P-gp) association with ankyrin in CD44-con-
taining plasma membrane (Fig. 8) but also significantly
modulates multidrug efflux/retention (Fig. 9) and decreases

17646 JOURNAL OF BIOLOGICAL CHEMISTRY

cells (88). Paclitaxel is known to
bind a subunit of the tubulin het-
erodimers that form cellular micro-
tubules (89). The paclitaxel-cy-
toskeleton interaction accelerates
tubulin polymerization and inhib-
its the depolymerization of micro-
tubules resulting in an inactiva-
tion of the mitotic checkpoint and
tumor cell killing (90). Resist-
ance to chemotherapeutic drugs
used in breast and ovarian cancer
treatments (e.g. doxorubicin and
paclitaxel) is often associated with
overexpression of the multidrug resistance gene 1 (MDR1 or
P-glycoprotein (P-gp)) (91). The MDRI1 gene product func-
tions as a drug efflux pump actively reducing intracellular
drug concentrations in resistant tumor cells (45—48). How-
ever, the biological factors determining the ability of certain
breast and ovarian epithelial cells to overexpress the MDR1
gene and display the multidrug-resistant phenotype remain
unknown. It is currently very difficult to predict the efficacy
of any particular chemotherapeutic drug treatment. Thus,
there is a great need to clarify the tumor biology mechanisms
underlying the clinical behavior of multidrug resistance in
both breast and ovarian tumor cells.

A number of studies have aimed at identifying molecules
expressed by epithelial tumor cells (e.g. breast and ovarian
tumor cells) that correlate with metastatic behavior and che-
moresistance. Among such candidates are HA, a major compo-
nent in the ECM of most mammalian tissues (5, 6), and CD44, a
major HA receptor (31). Both HA and CD44 are overexpressed
at sites of tumor attachment (9, 10, 13-28) and appear to be
closely involved in multidrug resistance during solid tumor
progression (52-55). A previous study using breast tumor cells
found that MDRI expression and multidrug resistance are
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TABLE?7
Measurement of drug retention in both MCF-7 and SK-OV-3.ipl cells

For analyzing drug retention, tumor cells (transfected with ARDcDNA or vector alone) treated with either [**C]doxorubicin or [*H]paclitaxel for 24 h were washed and
incubated in drug-free medium containing HA (50 pg/ml) or no HA or anti-CD44 antibody plus HA for 2 h. After the medium was aspirated, cells were washed twice and
then harvested. Cell numbers were measured by a hemocytometer and then dissolved in Solvable tissue gel solubilizer. Radioactivity associated with cells (indicated as
intracellular drug retention) was then measured by liquid scintillation counter as described under “Materials and Methods.” The retention level of [**C]doxorubicin or
[H]paclitaxel in MCF-7 cells or SK-OV-3.ipl cells (transfected with ARDcDNA (or vector alone) in the presence or absence of HA (or pretreated with anti-CD44 plus HA))
were conducted according to the procedures described under “Materials and Methods.” Tumor cells transfected with vector alone in the absence of HA is designated as
100% (control). For the drug retention assay, data represent mean * S.E. of the amount of radioactively labeled drug-associated with cells in each sample.

MCE-7 cells SK-OV-3.ipl cells
Treatments [**C]Doxorubic in [®H]Paclitaxel in [**C]Doxorubic [®H]Paclitaxel
cpm cpm in cpm cpm

% control® % control” % control® % control®
Vector-transfected cells treated with no HA (control) 100 =2 100 = 4 100 = 2 100 = 6
Vector-transfected cells treated with HA 51+ 1° 48 + 2° 39 = 1¢ 32+ 14
Vector-transfected cells pretreated with anti-CD44 plus HA 205 *+ 8¢ 248 + 9¥ 143 + 2°¢ 158 = 67
ARDcDNA -transfected cells treated with no HA 201 *+ 47 220 + 8¢ 157 + 4¢ 163 + 67
ARDcDNA -transfected cells treated with HA 202 = 5% 212 + 5° 168 = 5°¢ 185 = 7

“ Data are significantly different (p < 0.001; ANOVA; n = 5) as compared with control samples (e.g. vector-transfected (control) treated with no HA samples).
® Data are significantly different (p < 0.005; ANOVA; n = 6) as compared with control samples (e.g. vector-transfected (control) treated with no HA samples).
¢ Data are significantly different (p < 0.005; ANOVA; n = 5) as compared with control samples (e.g. vector-transfected (control) treated with no HA samples).
@ Data are significantly different (p < 0.001; ANOVA; n = 5) as compared with control samples (e.g. vector-transfected (control) treated with no HA samples).

linked to a positive feedback circuit involving HA, phosphoi-
nositide 3-kinase, and ErbB2 (52). The results of a recent study
on lymphoma cells indicate that HA can modulate the drug
sensitivity by regulating MDR-1 (P-gp) pump activity and phos-
phoinositide 3-kinase/AKT pathways (85). In addition,
HA-CD44-induced Ca®* signaling (53) and epidermal growth
factor receptor activation (54) have been shown to play an
important role in drug resistance. HA-CD44 interaction also
influences topoisomerase II activity and etoposide cytotoxicity
in head and neck cancers (55). These findings suggest that HA-
CD44 interaction is definitely involved in multidrug resistance.
The following questions are addressed in this study. (i) Which
HA/CD44-mediated signaling pathway controls MDR-1 gene
expression? (ii) How is HA/CD44-mediated drug efflux/reten-
tion by MDR-1 (P-gp)s regulated in epithelial tumor cells (e.g.
breast and ovarian tumor cells)?

Cancer stem cells found in solid tumors (including breast and
ovarian cancers) have been implicated in both the initiation/
development of malignancy and multidrug resistance (60, 61).
Tumor cells derived from cancer stem cells display heterogene-
ous phenotypes of the parental cancer cells. For example, some
cancer stem cells have lost their ability to control normal stem
cell numbers, pluripotence, and lineage differentiation (62—
65). These findings suggest that tumor formation may be
related to an alteration of stem cell function. Both Nanog (a
transcription factor initially detected in embryonic stem cells)
and CD44 are considered to be important molecules in cancer
stem cell functions occurring during both breast and ovarian
cancer progression (13-28, 68, 69), but their interaction with
each other during tumor progression has not been investigated.
In this study we have identified the presence of Nanog in both
breast and ovarian tumor cells (Fig. 1). To further characterize
the role of Nanog in these tumor cells, we have found a close,
physical interaction between Nanog and CD44 in both MCE-7
cells and SK-OV-3.ipl cells (Fig. 2). Most importantly, the bind-
ing of HA to CD44 promotes Nanog association with CD44,
nuclear translocation, and subsequent target gene expression
(e.g. pluripotent stem cell regulators, Rex1 and Sox2) (Fig. 3).
Therefore, it is likely that the HA-CD44 interaction serves as an
upstream activator of Nanog signaling. Because aberrant
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expression of pluripotency-associated genes has been shown to
be closely associated with aggressive cancer progression (68,
69), it is possible that under the influence of an abnormal HA-
enriched ECM environment, CD44-expressing tumor cells are
reprogrammed to acquire certain stem cell marker-related
properties, including self-renewal and tumor cell growth/sur-
vival required for chemotherapy resistance.

A recent study shows that among 11 pseudogenes derived
from the Nanog gene, NANOGPS appears to be unique based
on its sequence homology with Nanog and its retrogene-like
(not pseudogene) properties (92). In fact, NANOGPS8 expres-
sion is detected in a number of tumor cells, and it has also been
closely associated with cell proliferation (92). The question of
whether NANOGPS plays a role in epithelial tumor progres-
sion is currently under investigation in our laboratory.

Stat-3, a member of the Janus-activated kinase/Stat signaling
pathway (70, 71), plays an important role in regulating a variety
of biological activities in both normal and tumor cells (70-73).
Stat-3 signaling can be activated by cytokines and growth fac-
tors as well as oncogenic proteins (e.g. Src and Ras) (93, 94). For
example, tyrosine phosphorylation of Stat-3 by Src induces
Stat-3 dimerization followed by interaction with specific pro-
moter elements of target genes that regulate the expression of
proliferation and anti-apoptotic proteins (70-73, 75, 76). In
this study we have observed that Nanog binds to Stat-3 in both
breast and ovarian tumor cells during HA/CD44-mediated sig-
naling (Fig. 4). Specifically, HA treatment of MCF-7 cells and
SK-OV-3.ipl cells causes a significant increase in the amount of
Stat-3 bound to Nanog (in the nucleus) and stimulates Stat-3-
specific transcriptional activation (Fig. 5) leading to MDRI
(P-gp) gene expression (Fig. 6) and tumor cell growth (Tables
1-3), as well as multidrug resistance (Fig. 7 and Tables 4 and 5).
Further analyses show that Nanog overexpression (by trans-
fecting cells with NanogcDNA) effectively stimulates endoge-
nous Nanog association with Stat-3, Stat-3-specific transcrip-
tional activation, MDRI (P-gp) gene expression (Fig. 6), and
chemoresistance (Tables 4 and 5). These findings clearly indi-
cate that stem cell marker, Nanog (mimicking HA stimulation),
is an activator of oncogenic signaling and MDRI(P-gp) gene
expression.
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Moreover, we have observed that HA/CD44-mediated Stat-3
signaling and transcriptional activation are significantly inhib-
ited when both Nanog and Stat-3 are down-regulated (by treat-
ing cells with NanogsiRNA or Stat-3siRNA). Most importantly,
these treatments result in an increased chemosensitivity of
MCE-7 cells and SK-OV-3.ipl cells to doxorubicin and pacli-
taxel (Fig. 7 and Tables 4 and 5). Thus, these results provide
strong evidence that both Nanog and Stat-3 act as novel signal-
ing molecules that connect HA-CD44 signaling to the activa-
tion of newly identified Stat-3-specific target genes (encoding
MDR1 (P-gp) involved in chemoresistance) in both breast and
ovarian tumor cells. These observations are consistent with
previous reports that cancer stem cells displaying MDR1 over-
expression and Stat-3 up-regulation are likely to be responsible
both for disease relapse and the resistance to therapy that often
accompanies relapse (95-97).

The binding of HA to CD44 also triggers direct cross-talk
between several different tyrosine kinase (e.g. p185"** tyro-
sine kinase and c-Src kinase)-linked signaling pathways (19—
21). In addition, certain angiogenic factors (e.g. vascular endo-
thelial growth factor or basic fibroblast growth factor) and
matrix-degradation enzymes also become tightly complexed
with CD44 suggesting that they play a synergistic role in the
generation of oncogenic signals leading to tumor-specific
behaviors (19-21) and multidrug resistance (52—55). Most
importantly, during HA signaling the cytoplasmic domain of
CD44 appears to select a unique downstream effector (specifi-
cally, the cytoskeletal protein ankyrin) that links ECM and the
cytoskeleton in tumor cells (19-21). Ankyrin contains three
functional domains as follows: a conserved N-terminal ARD
consisting of 22-24 tandem repeats of 33 amino acids; a spec-
trin/fodrin-binding domain; and a variably sized C-terminal
regulatory domain (33, 41, 42). CD44 binds directly to the ARD
of ankyrin through a conserved ankyrin-binding domain in the
CD44 cytoplasmic region (32). This CD44-ankyrin interaction
induces cytoskeleton activation and results in several important
HA-mediated functions (14, 19-21, 32, 43, 44). A previous
study showed that CD44-P-gp interaction promotes cell migra-
tion and invasion in cancer (56). In addition, ankyrin is known
to play an important role in tumor cell migration and invasion
in tumor cells (14, 19-21, 32, 43, 44). The fact that ankyrin is
closely linked to CD44 and MDRI1 (P-gp) in tumor cells sug-
gests that an ankyrin-based cytoskeleton plays an important
role in cell migration/invasion in these tumor cells.

Previous studies showed that MDR1 (P-gp) co-localized with
CD44 and the cytoskeleton in a complex (98) that may be
related to the still poorly understood regulation of MDR1
(P-gp)-mediated multidrug transport functions. In addition, we
have found that HA-CD44 interaction stimulates recruitment
of the cytoskeletal protein, ankyrin, and inositol 1,4,5-triphos-

phate receptor (an inositol 1,4,5-triphosphate-gated calcium
channel) into plasma membrane leading to intracellular cal-
cium (Ca®") mobilization and several important cellular func-
tions such as cell adhesion, secretion, and proliferation (43).
Ankyrin also binds to intracellular Ca*>* channels such as the
ryanodine receptor and modulates Ca®>" fluxes (99). Ankyrin
repeat-like polypeptides are also implicated in the regulation of
anumber of plasma membrane-associated ion and drug pumps
(100, 101).

In this study we have presented new evidence indicating that
ankyrin interacts with both CD44 and MDR1 (P-gp) (Fig. 8).
Specifically, we have demonstrated that HA treatment pro-
motes ankyrin linkage to CD44 and MDR-1 (P-gp) to form a
multiple molecular complex in vivo (Fig. 8). Functional studies
indicate that ankyrin binding to CD44 and MDR-1 (P-gp) is
involved in HA-mediated multidrug efflux (Fig. 9) and reten-
tion (Table 7). Furthermore, we have found that the failure to
recruit ankyrin and MDRI1 (P-gp) into a complex with CD44
using overexpression of ARD fragments (by transfecting cells
with ARDcDNA) abolishes active multidrug efflux (Fig. 9),
increases drug retention (Table 7), reduces HA/CD44-medi-
ated multidrug resistance, and enhances chemosensitivity
(Tables 4 and 5). Thus ARD fragment of ankyrin acts as a potent
competitive inhibitor capable of interfering with the endoge-
nous ankyrin interaction between CD44 and MDR1 (P-gp) dur-
ing HA-mediated multidrug fluxes and chemoresistance.
Taken together, our results strongly support the conclusion
that the HA/CD44-mediated Nanog-Stat-3 signaling pathway
and ankyrin-cytoskeleton interaction may serve as new cellular
targets for sensitizing chemotherapy drug treatments for both
breast and ovarian tumor cells displaying stem cell-like proper-
ties. Furthermore, in Table 7 we have shown that anti-CD44
antibody not only blocks HA binding but also inhibits MDR-1-
mediated efflux activity leading to an increase in drug retention.
Thus, in the future, anti-CD44 antibody may be used in combi-
nation with various chemotherapeutic drugs for enhancing
chemosensitivity during the treatment of breast and/or ovarian
cancers.

As summarized in Fig. 10, we would like to propose that upon
binding of HA, CD44 is first tightly coupled with Nanog in a
complex (I, step 1) followed by an increase of Nanog in the
nucleus. Nanog then causes transcriptional activation (Fig. 101,
step 2a) and the expression of its target genes such as Rex! and
Sox2 (I, step 3a). Some Nanog also forms a complex with Stat-3
in the nucleus (Fig. 10/ step 2b) and induces Stat-3-specific
transcriptional activation (I, step 3b) leading to tumor cell
growth and MDR-1 gene expression (and localization at the
plasma membrane) (J, step 4). Furthermore, HA binding pro-
motes ankyrin-MDR1 (P-gp) association with CD44 (Fig. 1011,
step A). This complex formation results in an efflux of chemo-

FIGURE 10. A proposed model for CD44 interaction with Nanog signaling (/) and ankyrin (/) during HA-activated multidrug resistance and tumor
progression. /, upon binding of HA, CD44 is first tightly coupled with Nanog in a complex (step 1) followed by an increase of Nanog in the nucleus. Nanog then
causes transcriptional activation (step 2a) and the expression of its target genes such as RexT and Sox2 (step 3a). Some Nanog also forms a complex with Stat-3
inthe nucleus and induces Stat-3-specific transcriptional activation (step 2b) leading to tumor cell growth and MDR- 1 gene expression (step 3b) (and localization
at the plasma membrane) (step 4); Il, HA binding also promotes ankyrin-MDR1 (P-gp) association with CD44 (step A). This complex formation results in an efflux
of chemotherapeutic drugs (step B). The coordinated HA-mediated CD44 activation of Nanog/Nanog-Stat-3 signaling (/) and the ankyrin-based cytoskeleton (//)
is proposed as a possible mechanism underlying various tumor stem cell-specific behaviors, including transcriptional activation, tumor cell growth, and

multidrug resistance during both breast and ovarian tumor progression.
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therapeutic drugs (Fig. 1011, step B). The coordinated HA-me-
diated CD44 activation of Nanog/Nanog-Stat-3 signaling ()
and the ankyrin-based cytoskeleton (II) (as diagrammed in Fig.
10) is proposed as a possible mechanism underlying various
tumor stem cell-specific behaviors, including transcriptional
activation, tumor cell growth, and multidrug resistance during
both breast and ovarian tumor progression.
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